Optical fiber sensors based on mode division multiplexing (MDM) play an increasingly vital role for real-time multiparameter measurements. For multimode fibers, the central core region typically has defects in the refractive index profile, thus limiting the stability of lower-order modes for MDM. To avoid the central core region, this paper introduces a new launch based on helical-phased ring modes in multimode fiber using a vertical-cavity surface-emitting laser (VCSEL) array and a vortex lens. A data rate of 14 Gbit/s for a multimode fiber length of 1200 meters is achieved at a wavelength of 1550.12nm. The transverse electric field, power coupling coefficients and eye diagrams are analyzed.
INTRODUCTION
In the quest for real-time monitoring of structural health, optical fiber sensors are gaining rapid adoption. Compared to traditional mechanical and electrical sensors, optical fiber sensors have attractive features such as small diameter, light weight, immunity to electromagnetic interference and corrosion [1, 2] which are well-suited for structural health monitoring. Optical fiber sensing technology is effective for monitoring the life cycle of structures comprising construction, operation and strengthening and rehabilitation.
Mode division multiplexing (MDM) plays an increasingly vital role in sensing systems for multiparameter measurements. Few mode fibers (FMFs) have recently been designed for structural health monitoring based on MDM. In [3] , a FMF was designed for detecting curvature variations using the visibility of interference fringes between LP01 and LP02 modes. In [4] , a FMF was designed such that LP01 and LP11 exhibit different sensitivities to temperature and refractive index, thus allowing simultaneous measurements of both parameters. Simultaneous strain and temperature * Email Address: angela.amphawan.dr@ieee.org readings have also been feasible with the design of two cascaded long-period fiber gratings (LPFGs), respectively, inscribed on a segment of FMF and a single mode fiber (SMF) [5] . In [6] , the Brillouin gain spectrum (BGS) for LP01 and LP11 modes were used for simultaneous measurement of the temperature and strain. A FMF structure fabricated from two SMFs and a multimoded hollow core fiber in the center was used for detecting vibrations from 100Hz to 29 KHz based on multimode interference with a resolution of 1Hz.
In contrast to FMF, multimode fiber (MMF) is not readily practicable for multi-parameter sensing using MDM due to mode coupling and defects near the core center [7] . Thus, unlike FMF, in MMF, low-order modes are unstable for MDM. For manufactured MMF, the deviation in the propagation times due to the defect in the refractive index profile causes inter-modal dispersion.
In light of this, various launch schemes have been developed to alleviate the effects of refractive index imperfections at the core center such as offset launch where a small beam is projected away from the core center [8] [9] [10] and the excitation of the larger-field angular momentum modes [11] [12] [13] . Both these launches avoid lower-order axial modes where the refractive index imperfections are potent. Offset launch has been demonstrated using single mode fiber [14] , analog filters [15] and holographic techniques [9, 10] . Another approach for avoiding the central core region in MMF is the selective excitation of donut modes. For donut mode generation, etched fiber [16] , deflecting mirrors [17] , phase plates [18] and spot defect method [19] have been used. To avoid the defective central core region in MMF, this paper introduces a new launch based on helicalphased donut modes using vertical-cavity surfaceemitting laser (VCSEL) array and a vortex lens. The spatial transverse electric field of the excited modes were measured before and after the launch. The power coupling coefficients and bit-error rate (BER) performance are analyzed for different vortex orders. This paper proceeds as follows. Section II presents the new MDM model of helical-phased donut modes. Section III analyzes the results and discussion. The paper is concluded in Section IV.
SIMULATION OF THE HELICAL-PHASED DONUT MODES MODEL
The MDM model for the launch of helical-phased donut modes was simulated in Synopsis Optsim 5.2 [20] , as shown in Fig. 1 . The model may be divided into three parts, namely the transmitter, multimode fiber and receiver.
The transmitter consists of a segmented VCSEL array and a vortex lens. The VCSEL emits x-polarized donut modes with an inner radius of 10µm and an outer radius of 11µm at a wavelength of 1550.12nm. The VCSEL is driven by pseudo-random binary sequence (PRBS) electrical signals and modulated to non-return-to-zero pulses. The transverse electric field of the donut mode from the VCSEL is described in Eq, (1) [20] : where  is normalization constant, rmin is the minimum radius, and rmax is the maximum radius. The VCSEL is connected to a vortex lens to transform the flat wavefront to helical-phased donut modes to induce coupling into skew rays of the MMF. The focal length of lens was set to f = 8.0mm and the vortex ordered was varied on the interval m=1, 2, 3, 4 and 5. The applied phase transformation is expressed as [20] :
where x and y are transverse coordinates in the x-y plane, λ is the signal wavelength, n is the material index and f is the lens focal length. The parameter m is the vortex order. The skew rays correspond to all modes with m > 0, which correlates to the rays spiraling both clockwise and counterclockwise. Therefore, the skew rays can be selectively excited by choosing the phase profile of the incident beam with the desired dependence. The signal after the multimode fiber is examined through a photodetector. The proposed helical-phased donut mode launch achieved a maximum distance of 1200m. The optical signal is then received by a photodetector and analyzed using a BER tester and oscilloscope.
Adv. Sci. Lett. 21(10), 3042-3046, 2015 The transverse electric field before and after propagating through the MMF is shown in Fig. 3 . The vortex lens vocal length = 8mm and the vortex order varied each run on the interval m=1, 2, 3, 4, and 5.
The power coupling efficiency into each LPlm mode at the output of the MMF is calculated using [21] 
where Eo is the output electric field, elm is the polarized transverse electric field LPlm of a weakly-guiding infinite parabolic MMF and Acore is the cross-sectional area of the MMF. Fig. 3 shows the helical-phased transverse electric field after propagating through the MMF for various vortex orders m=1, m=2. m=3, m=4 and m=5. The phase transformation changes an incident signal's phase front, thereby effecting focusing either positive or negative focal length. The skew rays correspond to all modes with vortex order more than zero. Vortex order is correlated to rays spiraling both clockwise and counterclockwise which enable skew rays to be selectively excited through choosing a suitable phase profile of the incident beam with the desired dependence. The effect of the spiraling phase is observed in Fig. 4 . The higher the vortex order, the more changes in the phase continuity. Fig. 4 shows the power coupling coefficients versus modal delay of the helical-phased donut modes. In Fig.   4 (a), the power is highly coupled into low-order modes. In Fig. 4(b) , the power hinges towards medium-order modes with a small portion coupled in low-order modes. Hence, the propagation delay between modes is quite high. In Fig. 4(c) , the power is highly coupled in loworder modes compared to medium-order mode resulting in an erratic pulse shape. The best result was obtained in Fig. 4(d) whereby the power is coupled predominantly in only medium-order modes.
RESULTS AND DISCUSSION
Therefore, the propagation time difference between the modes is low resulting in a more distinguishable pulse shape. In Fig.  4(e) , overall, the power is coupled preodominantly in medium-order mode and coupled slightly in higher-order modes. Thus, the propagation delay difference between modes in case Fig. 4 (e) is higher than in the propagation delay difference in case Fig. 4 (d) . Fig. 5 shows the comparison of the eye diagrams illustrating the effects of different vortex orders for a length of 1200 meters. The widest eye opening was achieved for vortex order m=4 in Fig. 6(d) . Table 1 shows the effects of BER for different vortex orders. The lowest BER is attained when the vortex number is 4. For all vortex orders, the BER deteriorates with MMF length regardless of the data rate. It is worth mentioning that for vortex orders higher than 4, as the vortex order increases, the BER degrades even further. Thus, it can be concluded that the ideal range for vortex orders is between 2 and 4. Vortex orders out of this range exhibit high BER.
CONCLUSION
Helical-phased donut modes were selectively excited in a MMF using a VCSEL array for various vortex orders. The best results were obtained for vortex Adv. Sci. Lett. 21(10), 3042-3046, 2015 Adv. Sci. Lett. 21 (10) , [3042] [3043] [3044] [3045] [3046] 2015 
